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Metal-organic frameworks (MOFs) are a class of crystalline materials with a wide range of tuneable properties. MOFs have been explored for a wide range of applications, 1 but the separation of gases or liquids by MOFs is an especially promising area because MOF pore size and functionality lend themselves well to selective discrimination between feed components. 2 These studies have led to interest in new, useful form factors for MOFs.
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Beyond microcrystalline solids, polycrystalline MOF membranes 4 have been prepared and demonstrate excellent separation performance, but suffer from difficult syntheses and limited MOF scope. 4 The mixed-matrix membrane form is an alternate approach towards MOF membranes that utilizes MOFs as the inorganic 'filler' component in polymer membranes. 5 MOFs can augment intrinsically porous polymer materials, with small amounts (generally o30 wt%) 6 of MOF doping sufficient to improve membrane properties such as flux 6e for a variety of separation applications.
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In addition to this MOF-doping approach, MMMs provide the opportunity to engineer MOF powders into a more useful, durable form factor through immobilization in a polymer. This route maximizes the MOF content in the MMM to create a membrane with chemical properties largely derived from the MOF, with the polymer primarily serving as a binder. In this approach, a MMM ideally attains properties like those of a polycrystalline MOF membrane, but with the added benefits of processability and robustness of the polymer (Fig. 1) and polybutadiene block copolymer (SBS, M w = 97 000 g mol À1 ), and a random copolymer of styrene and butadiene (SBR, M w = 270 000 g mol
À1
). The polymers chosen for this study are commercially available (Sigma Aldrich) and have well established processing conditions and broad industrial uses. 12 PS is melted, 13 extruded, 14 and foamed, 15 providing a plethora of form factors for a mixed MOF/polymer system. Styrene/butadiene copolymers are broadly used 16 binder-type elastomers 11a that could offer flexibility to a MMM. MOF-free films of pure PS, SBS, and SBR were readily formed by casting a polymer solution onto a substrate and removing the solvent by evaporation. These films displayed varying physical properties from highly brittle (PS) to tacky and stretchable (SBR MMMs were fabricated from a MOF-based viscous 'ink' of the MOF and polymer components in solution (Fig. S4 , ESI †). The ink was prepared by first pre-dispersing the MOF and polymer components separately, then combining them to a homogeneous mixture of honey-like viscosity. 8 The MOF was dispersed by ultrasonication in a 1 : 1 mixture of THF and ethyl acetate (200 mg MOF per mL solvent) for roughly 30 min. The polymers were each dissolved in THF prior to combination with MOF. PS was dissolved to a concentration of 220 mg mL
, while SBS and SBR were dissolved to 100 and 50 mg mL À1 , respectively, yielding solutions of similar viscosity. These separate MOF and polymer solutions were then combined to yield final MOF wt% contents from 30% to 70% in each of the polymers tested, and ultrasonicated to homogeneity. The resulting ink was cast by the draw-down coating method. The MOF ink was transferred to an aluminium foil substrate, then cast with an automatic thick film coater (MTI Corp. MSK-AFA-II) using an adjustable doctor blade (blade height = 500 mm, speed = 25 mm per second), followed by drying (55 1C oven, 15 min) and delamination upon cooling, to yield membranes with thickness ranging from 50-100 mm.
All MMMs showed excellent retention of the MOF crystallinity as assessed by PXRD (Fig. S5-S8 , ESI †). The polymers themselves were amorphous and did not contribute significantly to the PXRD pattern (Fig. S5, ESI †) . Cross-section images obtained by SEM show retention of the MOF particle morphology within the membranes as well, further confirming that no significant changes to the structure of the MOF occurred upon incorporation into the MMM (Fig. 2 and Fig. S9-S18 , ESI †).
At MOF loadings o70 wt%, SEM images of MMMs using all three polymers show dense films, with a large polymer presence and interspersed MOF (Fig. 2a, c and e) . At MOF loadings Z70 wt%, SEM cross-sections show a marked difference in morphology: very little polymer is seen in the SEM images, and membranes appear much more loosely packed (Fig. 2b, d and f) . At 70 wt% MOF loadings in SBS, both morphologies are seen in a single membrane, highlighted in false-color SEM images (Fig. 4) .
In contrast to earlier studies with PVDF-derived MMMs, N 2 sorption analysis revealed MMMs containing o70 wt% MOF to be non-porous (Table S1 , ESI †). At Z70 wt%, the surface area of the MOF was partially recovered (Fig. 3 and Table S1 , ESI †) and type I isotherms were observed, which is characteristic of native UiO-66. 19 BET surface areas were calculated using the criteria proposed by Fig. S19 and Table S2) . Pore size distributions demonstrate the preservation of the B8.5 Å pores of UiO-66 (Fig. S20 , ESI †). 22 It is likely that the differences in surface area between the Z70 wt% and o70 wt% formulations is a result of their different membrane morphologies. The total lack of surface area seen in membranes with MOF loading o70% corresponds to the dense morphology seen in these membranes (Fig. 2a, c , e, 4a and Fig. S9-S18 , ESI †). Conversely, surface area is recovered in films with Z70 wt% MOF that shows the more loosely packed particulate morphology (Fig. 2b, d, f, 4c and Fig. S9-S18 , ESI †). Because the pure polymers show no inherent porosity, it is likely that when MOF particles are isolated in a higher quantity of impermeable polymer, the MOF pores are sealed and porosity is lost. Once the polymer content is sufficiently lowered, some MOF pores are again accessible, leading to partial recovery of surface area within the physically robust membrane.
Physically and mechanically, the MMMs resembled their pure-polymer counterparts. At the thicknesses studied (roughly 50-100 mm), PS MMMs were extremely brittle, and cracked upon delamination at all wt% MOF loadings, preventing analysis of bulk mechanical properties (Fig. S21, ESI †) . SBR MMMs were extremely plastic and deformed readily upon delamination, which similarly hindered mechanical strength analysis; only films with high MOF loadings (70%) in SBR kept their shape upon physical manipulation sufficient to warrant testing (Fig. S22, ESI †) . SBS MMMs delaminated easily and handled well at MOF contents from 30-90 wt% (Fig. S23, ESI †) . Mechanical testing on SBS MMMs revealed MMMs up to 80 wt% MOF maintain higher tensile strength than both the pure polymer and the 70 wt% UiO-66/SBR MMM, quantitatively confirming the superior physical properties of the SBS-based MMMs tested (Fig. S24, S25 and Table S3 , ESI †).
The preferable physical characteristics of SBS composites, coupled with their retention of porosity at high MOF loadings, warranted further studies to assess the chemical reactivity and accessibility of the MOF within the SBS membranes. The chemical reactivity of SBS MMMs were assessed by postsynthetic modification (PSM) 23 and exchange (PSE) 24 reactions. SBS MMMs fabricated with 80 wt% UiO-66-NH 2 23 were immersed in neat acetic anhydride for 24 h at 60 1C, washed with copious amounts of methanol, and analysed by 1 H NMR by digesting the MOF out of the MMM with hydrofluoric acid (HF). Essentially quantitative conversion of UiO-66-NH 2 to UiO-66-AM1 23 was observed (Fig. S26, ESI †) , which is identical to that achieved with the native MOF. PSE experiments were carried out with 80 wt%-UiO-66/SBS MMMs immersed in solutions of 2-aminoterephthalate at 60 1C for 24 h, followed by copious washing with both water and methanol. PSE was also successful, achieving B17% exchange of terephthalic acid for the amine-functionalized linker (Fig. S27 , ESI †) compared to 45% exchange in the native UiO-66 control. MMMs subjected to PSM and PSE reactions were assessed for their post-reaction mechanical integrity and preservation of MOF quality. Post-PSM MMMs fractured in the reaction solution, confirming lower mechanical stability compared to the unmodified 80 wt% MMM. MMMs after PSE survived the reaction conditions intact, but upon quantitative mechanical analysis, lost strength and elasticity relative to both the starting 80 wt% MMM and the pure polymer (Fig. S28, S29 and Table S3 , ESI †). However, after PSM or PSE the MOFs in these MMMs retained their crystallinity, porosity, and morphology, as assessed by PXRD, N 2 gas sorption and SEM, respectively (Fig. S30-S32 and Table S4 , ESI †).
Dye filtration studies were used to further demonstrate the accessibility of the MOF pores in the SBS MMMs. Previous studies document the ability of UiO-66 to adsorb charged dye molecules from aqueous solutions. 8, 25 80 wt% UiO-66/SBS MMMs were housed in 13 mm Swinnex s syringe filters, and 10 mM dye solutions were passed through the membranes in a dead-stop filtration set-up. Coomassie Brilliant Blue R-250 was retained with 60% fidelity (Fig. S33 , ESI †), but consistent with previous studies, 8 anionic Methyl Orange was not retained in the membrane, achieving only 22% retention (Fig. S34 , ESI †). MMMs used for Coomassie blue filtration also showed good recyclability (Fig. S35, ESI †) . The retention of the dye adsorption ability of UiO-66 within the MMM form factor over multiple cycles demonstrates that the MOF pore chemistry and functionality is retained, and its processability is certainly markedly increased in the membrane form factor. In summary, new MOF MMMs have been successfully fabricated that add the physical flexibility and strength of the polymer to the existing chemical abilities of the MOF. Retention of porosity was seen in high MOF loadings in MMMs of all three polymers, and the mechanical superiority of SBS made it the most viable formulation. Postsynthetic chemical reactions and dye filtration experiments on the sturdy SBS membranes demonstrate the chemical accessibility of the MOF, confirming that all major MOF characteristics are preserved within the SBS MMMs. In comparison with previously studied PVDF, SBS offers similar levels of durability and chemical inertness at lower cost and with wider availability. The SBS MMMs fabricated also achieve higher MOF loadings than PVDF, maximizing the active component of the MMM to unprecedented levels for this approach. This form factor can promote the direct application of MOF materials to a myriad of membrane-based technologies, such as catalytic reactors, 26 commercial separations of gas streams, 27 wastewater treatment, 28 toxic chemical sequestration, 29 and more.
Moving forward, the block copolymer nature of SBS lends it to greater mechanical tunability than PVDF, through variation of the relative amounts of styrene and butadiene. 
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